The formation of new ocean crust at mid-ocean ridges is a fundamental component of the plate tectonic cycle and involves substantial transfer of heat and mass from the mantle. Hydrothermal circulation at mid-ocean ridges is critical for the advection of latent and sensible heat from the lower crust to enable the solidification of ocean crust near to the ridge axis. The sheeted dike complex (SDC) is the critical region between the eruptive lavas and the gabbros through which seawater-derived recharge fluids must transit to exchange heat with the magma chambers that form the lower ocean crust. ODP Hole 1256D in the eastern equatorial Pacific Ocean provides the only continuous sampling of in-situ intact upper ocean crust formed at a fast spreading rate, through the SDC into the dikegabbro transition zone. Here we exploit a high sample density profile of the Sr-isotopic composition of Hole 1256D to quantify the time-integrated hydrothermal recharge fluid flux through the SDC.
Introduction
Hydrothermal circulation is a key process in the formation and evolution of the ocean crust and impacts the broader Earth system through the modification of seawater chemistry and the subduction of altered ocean crust (Kelemen and Manning, 2015; Palmer and Edmond, 1989) . At the ridge axis, hydrothermal circulation is intimately involved in the magmatic accretion of new hydrothermal circulation, which manifests at the seafloor as blacksmoker vents, and transports large heat and chemical fluxes to the oceans. Observations of the lower ocean crust by remote geophysical methods and drilling, and from tectonic windows and ophiolites have been essential in developing our understanding of the subsurface fluid/rock reactions and fluid pathways during hydrothermal circulation. However, long-standing questions remain about how the lower crust is cooled.
The axial high temperature fluid flux is recorded in the subsurface through the fluid/rock reactions within the sheeted dike complex that form secondary minerals, either in fractures or replacing primary igneous minerals. The sheeted dike complex has been sampled in four locations from in-situ ocean crust formed at intermediate to fast spreading rates: ODP Holes 504B and 1256D, and in the tectonic windows of Hess Deep and Pito Deep (Alt et al., 1996; Barker et al., 2008; Gillis et al., 2005; Wilson et al., 2006) . ODP Holes 504B and 1256D sample intact ocean crust, providing continuous sections through the overlying volcanic sequences and the sheeted dikes, whereas at Hess and Pito Deep, local triple junctionrelated tectonics expose the deeper levels of the upper and lower crust at the seafloor. These contrasting methods of sampling the sheeted dikes yield differing perspectives. Drill cores enable high resolution vertical sampling that is complemented by the two dimensional but discontinuous sampling afforded in tectonic windows.
The relationship between the upper crustal hydrothermal system in the lavas and dikes, and the accretion of the lower oceanic crust remains poorly constrained, despite this zone being significant for the exchange of heat. Two end member models for the accretion of the lower oceanic crust have been proposed; the gabbro glacier (Henstock et al., 1993; Phipps Morgan and Chen, 1993; Quick and Denlinger, 1993) and the multiple sills models (Boudier et al., 1996; Kelemen et al., 1997; MacLeod and Yoauancq, 2000) . These models have contrasting requirements for the magnitude and distribution of hydrothermal circulation to extract the latent and sensible heat released from the cooling and crystallisation of the lower crust. In the simplest, gabbro glacier, geometry the upper crustal hydrothermal system extracts much of the heat available from the lower crust, because all solidification occurs in a highlevel magma chamber. In contrast, the multiple sills model requires deep hydrothermal heat advection to extract latent heat (Coogan et al., 2006) . Hence, the thermal predictions of the models can be evaluated by quantifying the hydrothermal fluid flux through the sheeted dike complex that is driven by heat supplied from the lower crust.
Global hydrothermal fluid fluxes have been estimated directly through the extrapolation of modern vent fluxes (e.g., Baker et al., 1996) and indirectly from oceanic chemical budgets (e.g., Sr, Mg; Elderfield and Schultz, 1996; Palmer and Edmond, 1989 ) and the thermal balance of mid-ocean ridges (e.g., Morton and Sleep, 1985) . Another approach is through the quantification of the total fluid/rock exchange that occurs between seawater and ocean crust during hydrothermal circulation using Sr isotopes as a tracer (Barker et al., 2008; Bickle and Teagle, 1992; Gillis et al., 2005; Teagle et al., 2003) . The Hole 1256D and 504B whole rock 87 Sr/ 86 Sr profiles through the volcanic sequence and sheeted dike complex reveal clear differences in the distribution and intensity of Sr isotope exchange. Hole 1256D shows only limited seawater strontium exchange in the lavas but extensive isotopic re-equilibration in the sheeted dikes. In contrast, Hole 504B exhibits significant exchange in the lavas, but only slight 87 Sr/ 86 Sr increases in most of the dike section (Harris et al., 2015) . These profiles may reflect significant differences in the timing and intensity of hydrothermal alteration and affect the global seawater-basalt exchange fluxes calculated for some elements.
In this paper we will investigate whether the contrasting extent of Sr-isotopic exchange in the sheeted dikes reflects different amounts of hydrothermal fluid recharge. We use the high sample density Sr isotope profile of ODP Hole 1256D (Harris et al., 2015) as a record of seawater-basalt exchange during hydrothermal recharge, to calculate the time integrated fluid flux through the sheeted dike complex. This fluid flux is compared to those calculated from the sheeted dike complex in Hole 504B, Hess Deep and Pito Deep to evaluate previous suggestions that hydrothermal recharge fluxes are uniform in sheeted dike complexes formed at intermediate to fast spreading rates (Barker et al., 2008 ). Our fluid flux is then converted into a hydrothermal heat flux to evaluate the thermal budgets implied by contrasting models of ocean crust accretion.
Geological setting
ODP Hole 1256D is located in the eastern equatorial Pacific and is the only complete sampling of intact in-situ upper oceanic crust down to the dike/gabbro transition ( Fig. 1 ; Teagle et al., 2006 Teagle et al., , 2012 Wilson et al., 2006) . Site 1256 formed at the East Pacific Rise 15 myr-ago during an interval of superfast spreading (>200 mm/yr full rate; Wilson, 1996) . The ocean crust at Site 1256 is covered by 250 m of sediments and Hole 1256D samples 750 m of extrusive volcanic rocks, a thin mineralized lava-dike transition, 350 m of sheeted dikes, and 120 m into the dike/gabbro transition where two thin gabbro sills are intruded into contact metamorphosed sheeted dikes Wilson et al., 2006) .
The assemblages of secondary minerals document a downhole transition from low temperature phases (e.g., clays, oxyhydroxides, carbonates) in the volcanic sequence to greenschist facies phases (e.g., chlorite, actinolite, albite) in the sheeted dike complex (Alt et al., 2010 ). This alteration is broadly similar to the only other penetration of intact in-situ upper ocean crust drilled in Hole 504B (Alt et al., 1996) . Studies of tectonic windows also record greenschist facies alteration in the sheeted dike complex, although at Pito Deep amphibole dominates the alteration assemblage (Heft et al., 2008) whereas at Hess Deep chlorite is more dominant (Gillis et al., 2005) . Careful inspection of the Hole 1256D drill core and thin sections allows the classification of dike samples into: background alteration, alteration patches and vein halos, and dike margin categories. In the dike/gabbro transition early amphibole alteration is overprinted by granulite facies contact metamorphism and later lower temperature hydrothermal alteration at greenschist facies conditions and below (Alt et al., 2010) .
The whole rock Sr isotope profile of Hole 1256D records the evolution of fluid pathways in the hydrothermal system and shows distinct variation between the main stratigraphic sequences ( Fig. 1 ; Harris et al., 2015 The sheeted dike complex provides pathways for both downwelling recharge fluids and upwelling hydrothermal discharge (Harris et al., 2015) , and dikes display strongly elevated 87 Sr/ 86 Sr towards our estimated end member hydrothermal fluid composition, indicating extensive fluid/rock exchange at greenschist facies conditions (Fig. 1) . The Sr-isotopic composition of the upwelling hydrothermal fluid is estimated from analyses of hydrothermal epidote (n = 5) that precipitated in veins and alteration patches.
Epidote is selected as it has high Sr concentrations (>500 ppm) so is robust to overprinting, and it is commonly associated with subsurface black smoker-like mineralization (e.g., Bickle and Teagle, 1992 
Method
Hydrothermally altered sections of ocean crust record the timeintegrated effects of fluid-rock reaction. The extent of fluid/rock exchange can be used to quantify the magnitude of the time integrated fluid flux through the section, that is the total volume of fluid that passed through a unit area of crust. Here we model the time integrated fluid flux assuming one dimensional kinetically limited fluid-rock tracer exchange, following Bickle (1992) , Bickle and Teagle (1992) ; see Supplementary Methods. This method uses the Damköhler number, the ratio of the advective tracer transport time to the perpendicular tracer exchange time, to describe the effectiveness of wall rock tracer exchange. The Simplex algorithm is used to fit the Damköhler number and fluid flux penetration distance to the Sr-isotopic composition of whole rock and epidote mineral analyses by minimising the root-mean-square error (Press et al., 1992) . These models assume hydrothermal recharge occurs regionally via porous media flow or through very closely spaced fractures, whereas the upwelling black smoker fluids ascend through the sheeted dike complex via concentrated discharge zones (see Bickle and Teagle, 1992) . We assume that exchange 
Heat required to raise 1 kg of seawater from 0-440 • C 1.93 × 10 6 J/kg (Driesner, 2007) Thickness of lower crust at Site 1256 3.75-4.25 km (Wilson et al., 2003) Full spreading rate at Site 1256D 220 mm/yr (Wilson et al., 2003) Latent heat crystallisation 5.06 × 10 5 J/kg (Kojitani and Akaogi, 1997) Specific heat capacity gabbro 1085 J/kg/K (Berman, 1998) with the whole rock is limited only by the relative rate of kinetic exchange. The mass balance assumes that past seawater had the same Sr concentration as modern seawater ( Table 1 = 65-257 μmol/kg, Von Damm, 1995) . The epidote and rock data populations are given equal weighting in the model, regardless of their differing population sizes, to force the fluid to evolve to epidote compositions at the base of the model interval.
The different alteration/igneous features identified (pervasive background alteration, alteration patches and halos, dike margins) represent differences in pathways and extent of fluid-rock interactions (Harris et al., 2015) . To investigate their potential contribution to the fluid flux through Hole 1256D, the best-fit fluid fluxes and Damköhler numbers are calculated for each category: background only, halos/patches, dike margins, as well as the complete dataset ( Table 2) .
The initial The modelled zone begins at the top of the sheeted dike complex (1060 m below seafloor) at the onset of greenschist facies alteration, and extends down to the dike/gabbro transition, with a total thickness of 390 m (Fig. 2) . The latter is based on the assumption that the base of the black smoker hydrothermal system is a narrow conductive boundary layer (CBL) overlying a convecting magma chamber in the uppermost gabbros. This assumption is consistent with the observed contact metamorphism in the lowermost Hole 1256D sheeted dikes under granulite facies conditions . Thermal calculations indicate that these 'granoblastic' dikes formed in a CBL overlying a steady state highlevel axial magma chamber (Koepke et al., 2008) , similar to previously documented CBL in the Troodos ophiolite (Gillis and Coogan, 2002) . The modelled interval includes 350 m of sheeted dike com- plex and 40 m of granoblastic dike screens that were part of the dike complex and are now within the dike/gabbro transition. The granoblastic dikes have a narrow range of whole rock Sr isotopic compositions, which are interpreted to have been homogenised during recrystallisation to record an average 87 Sr/ 86 Sr composition created during hydrothermal circulation at the ridge axis (Harris et al., 2015) . Late stage gabbroic intrusives and minor associated felsic rocks are excluded from our calculations.
Results
The best fit time-integrated fluid flux and Damköhler number for each modelled scenario for Hole 1256D are shown in Table 2 . The difference between fitting the model to all data points and to 10 m downhole averages is minor (Fig. 3) . A scenario including all the available data requires a minimum time integrated fluid flux of 2.2 × 10 6 kg m −2 with a N D of 0.27 (Fig. 3) . This Damköh-ler number indicates partial fluid-solid exchange and is consistent with the observed partial recrystallisation of the dikes to greenschist facies minerals. Our high sampling density allows us to evaluate the potential variability in the fluid flux and Damköhler number that are associated with the different alteration regimes Table 2 ), confirming that although fluid/rock reaction is heterogeneous within the Hole 1256D sheeted dikes, variations are relatively minor. (Table 2) . These results are similar to those calculated using a constant N D of 0.1 (Barker et al., 2008) .
The 95% confidence interval for the optimal solution of the time-integrated fluid flux and N D was calculated for each crustal site (Fig. 4) by performing an F-test for non-linear confidence intervals using the SSE for each solution. The confidence intervals demonstrate that the N D is generally better constrained than the time-integrated fluid flux. The confidence intervals for the timeintegrated fluid flux are variable but always <0.5 × 10 6 kg m −2 .
Discussion

Validity of assumptions
A key assumption of this mass balance approach is that Sr is immobile during hydrothermal alteration, which is supported by the similar Sr contents of seawater and black smoker fluids and experimental fluid-rock exchange experiments (Berndt et al., 1988) . However, previous studies have suggested that Sr is mobile during hydrothermal circulation and it can be lost from either the fluid or the rock (Barker et al., 2008 (Barker et al., , 2010a . Sr can be lost from the fluid through the recrystallisation of igneous plagioclase, or through the precipitation of anhydrite, although this process remains poorly quantified (Teagle et al., 1998 . The variation in Sr concentrations in the hydrothermally altered samples can be compared to the predicted igneous concentration to assess whether Sr has been mobilised during hydrothermal alteration. This is complicated by the insensitivity of Sr to magmatic fractionation (Coogan and Dosso, 2012) and for Hole 1256D the magmatic composition is best estimated from the least altered samples, which have Sr concentrations in the range 60-100 ppm (Harris et al., 2015) . In the sheeted dike complex only a small proportion of the samples have undergone Sr loss (8%) or Sr gain (15%), with Sr mobility predominantly restricted to alteration patches or dike margins rather than the background samples. This suggests that although there can be local mobilisation of Sr, on average the bulk composition of the crust remains constant. In contrast, ∼30% of background samples from Pito Deep have lost Sr (Barker et al., 2008) and a synthesis of global data indicates that black smoker fluids have elevated Sr concentrations compared to seawater (Coogan and Dosso, 2012) . If the Hole 1256D dikes had undergone substantial pervasive Sr loss (>9 ppm) similar to Pito Deep, then this would result in a decrease in the time-integrated fluid flux by 0.5 × 10 6 kg m −2 . In contrast, the loss of Sr from the fluid due to the precipitation of anhydrite would increase the estimated fluid fluxes (Barker et al., 2008) . In Hole 1256D anhydrite is present over several hundred metres and is most abundant in the lava-dike transition zone and the upper 200 m of the sheeted dike complex. It is more abundant than in Hole 504B, albeit only as a minor phase . If the fluid lost 40% of its Sr through anhydrite precipitation (following Barker et al., 2008) , the Hole 1256D fluid flux would increase by 1.2 × 10 6 kg m −2 .
The complex transition between the upper and lower crust has been observed at Hess Deep, Pito Deep and in the Troodos and Semail ophiolites (France et al., 2009; Gillis, 2008) . Hole 1256D also shows a similar complexity of the upper-lower crust transition in terms of assimilation and the migration of the axial melt lens. Such migration results in uncertainty regarding the thickness of the sheeted dike complex and hence the thickness of the modelled zone, which is critical for calculating the fluid flux. A key result of the Hole 1256D drilling was the successful prediction of the upper crustal thickness (depth to gabbro) from the observed relationship between spreading rate and the depth to seismically imaged axial melt lenses . Given the thickness of the volcanic sequence in Hole 1256D, the predicted upper crustal thickness equates to a sheeted dike thickness of 214-489 m. 390 m of sheeted dikes have now been cored in Hole 1256D. 
Ocean crust fluid fluxes
The four ocean crust sheeted dike complexes sampled to date differ primarily in their thickness, with the Hole 1256D sheeted dike complex being much thinner (∼400 m v >1000 m) than at Hole 504B, Hess Deep and Pito Deep (Alt et al., 1996; Barker et al., 2008; Gillis et al., 2005; Wilson et al., 2006) . The Sr isotope profiles for the sheeted dike complexes are also different. Given the nature of the sampling at the different sites, the samples from Hess and Pito Deep are most comparable to the 1256D background rocks. The 87 Sr/ 86 Sr profile through Hole 504B shows a decrease in strontium isotope composition with depth whereas the Pito and Hess Deep profiles are generally uniform with depth (Fig. 5) . The Sr profile for the Hole 1256D dike complex records the greatest extent of fluid/rock exchange of all the profiles. This difference in Sr isotopes is highlighted by normalised cumulative frequency curves where the distribution for Hole 504B, Hess Deep and Pito is very similar for ∼80% of the population (Fig. 5) . However, the Hole 1256D cumulate frequency curve is markedly different to the other populations, even when the more altered dike margins are removed from the Hole 1256D population. The greater exchange in Sr isotopes in the dikes in Hole 1256D may result from the narrow thickness of the dike complex and the consequent steeper thermal gradient present, as reflected in the higher best fit Damköhler number. The range of the time-integrated fluid flux for the Hole 1256D sheeted dike complex (1.5-3.2 × 10 6 kg m −2 ) is comparable to estimates from other crustal locations, despite major differences in their whole rock Sr isotope profiles. This result therefore suggests that although the high temperature fluid flux of the axial hydrothermal system is comparable at intermediate to superfast spreading rates, the distribution and intensity of the associated hydrothermal alteration and the resultant chemical exchange varies between the studied crustal sections. This variability in Sr-isotope exchange is also apparent for the upper crustal volcanic sequences in Hole 1256D and Hole 504B (Harris et al., 2015) indicating there may be a disconnect between the axial recharge fluid flux and the crustal chemical budgets for certain elements, especially those exchanged at lower temperatures (e.g., C, Mg, Tl, K). The axial high temperature hydrothermal fluid flux has been estimated using a variety of other geochemical tracers. Estimates based on thallium (Nielson et al., 2006) and sulphur budgets (Barker et al., 2010a; Teagle et al., 1998 ) of 2.4-3.0 × 10 6 kg m −2 are comparable to those calculated from Sr isotope tracer transport, whereas the estimate from lithium isotopes (Chan et al., 2002) shows a much greater range (1.3-8.7 × 10 6 kg m −2 ), but remains a similar order of magnitude (Fig. 6) . In contrast, indirect estimates from global geochemical budgets (e.g., Sr Palmer and Edmond, 1989) are an order of magnitude larger, as are those estimated from the Troodos ophiolite (Bickle and Teagle, 1992) .
From the limited crustal sections available, the estimated axial high temperature hydrothermal recharge fluid flux recorded by the dike rocks appears insensitive to spreading rate and differences in the relative thickness of the upper crust. The overall agreement between estimates of the axial high temperature fluid flux from a variety of tracers and multiple study sites, along with the comparability in the temperature of fluid/rock reactions, indicates a surprising uniformity of the hydrothermal system at intermediate to fast spreading rates, albeit with very limited sampling. This suggests that the total heat removed by axial hydrothermal circulation through the sheeted dikes is also fairly uniform and can therefore be used to investigate the thermal constraints of the end member models for the accretion of the ocean crust. Some models of axial hydrothermal circulation propose that most fluid/rock reactions within the sheeted dike complex occur during regional discharge (Coogan, 2008) and not recharge (Bickle and Teagle, 1992) , based on modelling that shows that large fluxes of downwelling fluids cool the upper dikes too efficiently (Coogan, 2008; Teagle et al., 2003) . Consequences of the Coogan (2008) model should be the transport of seawater signatures (e.g., K, Mg, O, 87 Sr) down to the base of the sheeted dike complex. In Hole 1256D, there is little change in Mg once magmatic fractionation is accounted for, and relatively light oxygen isotope compositions indicate hydrothermal exchange at high temperatures in the sheeted dikes (Gao et al., 2012) . Similarly, the downhole variability in Fe 3+ /Fe TOT through the sheeted dike complex is also minimal (<15%) with no trend with depth (Rutter, 2015) . B/K and Cl/K ratios from the dike complex are also consistent with high temperature alteration and do not record evidence of seawater (Sano et al., 2008) . These profiles suggest that there is little evidence for cold seawater penetrating deep into the sheeted dike complex. The decrease in whole rock Sr isotopes with depth in the sheeted dike complex of Hole 1256D is consistent with reaction during recharge and not discharge. At Pito Deep evidence of focussed fluid flow has been observed in 1 m intervals over a 40 m-wide fault-zone just below the lava-dike transition (Barker et al., 2010b) . These fault-zones are sub-parallel to the dike margins and have Sr isotope compositions that are consistent with the mixing of upwelling hydrothermal fluids and downwelling seawater, similar to the brecciated horizons in the lava/dike transition in Hole 1256D. If the Pito Deep observations are more representative of typical intermediate to fast spreading rate crust, then hydrothermal circulation in the sheeted dikes may additionally occur via focussed pathways, although such zones are not strongly developed in Hole 1256D beyond the dike margins. Fluid fluxes modelled using the mass balance approach adopted here could therefore represent the minimum amount of fluid/rock reaction in the dike complex.
Ocean crust heat fluxes
To evaluate the proposed end-member crustal accretion models, we convert the calculated hydrothermal fluid flux into a hydrothermal heat flux and compare this to the heat available from the crystallisation and cooling of the sheeted dike complex and the lower ocean crust. In the following discussion we assume that no focussed fluid flow occurs in the dike complex, and consider the consequences of this for the lower crust.
Hydrothermal heat flux
The heat flux that is transported through a unit area of crust by hydrothermal fluids is given by:
where: Q ht is the hydrothermal heat flux (J m −2 ); F is the hydrothermal fluid flux (kg m −2 ); C p is the specific heat capacity of the fluid (J kg −1 • C −1 ), which is a function of temperature (T ) and pressure; and T sw and T ht are the temperatures of seawater and Table 1. the venting hydrothermal fluid, respectively. For simplicity we assume that all of the fluid flux is heated from 0 • C up to the critical point for seawater at the base of the dikes (440 • C at 40 MPa; Bischoff and Rosenbauer, 1985) , consistent with maximum alteration temperatures and vent fluid temperatures (Alt et al., 2010; Von Damm, 1995) . The energy required to heat 1 kg of seawater to 440 • C is 1.9 × 10 6 J kg −1 (Driesner, 2007) . Given our best estimate of the axial high temperature hydrothermal fluid flux at Site 1256
(1.5-3.2 × 10 6 kg m −2 ), the associated hydrothermal heat flux, calculated using Equation (1), is 2.9-6.2 × 10 12 J m −2 .
Crustal accretion heat flux
The axial magmatic heat flux through a unit area of crust comprises both the latent heat of crystallisation and the sensible heat released during cooling, and is given by:
where: Q magmatic is the total magmatic heat flux (Jm −2 ); L is the latent heat of crystallisation (J kg −1 ); C p is the specific heat capacity of the basalt (J kg −1 K −1 ); and T is the axial change in temperature of the cooling basalt ( • C).
The axial magmatic heat flux available to drive high temperature hydrothermal circulation is taken as that associated with crystallisation and cooling of the sheeted dike complex and the lower crust, given that the great majority of the lower crust must form close to the axis in order to develop the observed prominent Moho seismic reflector and transmit shear waves. In addition to the latent heat (5 × 10 5 J kg −1 , Table 1 ; Ghiorso and Sack, 1995; Kojitani and Akaogi, 1997) , close to the ridge axis the lower crust must cool to subsolidus temperatures of less than 1000 • C releasing 1085 J kg −1 K −1 of specific heat. At Site 1256 the total crustal thickness is 5.0-5.5 km (Wilson et al., 2003) . Consequently, the upper crustal hydrothermal system can only account for removal of up to 29-61% of the total heat that must be removed to cool and crystallise the crust at Site 1256 (Fig. 7) , based on the assertion that the lower crust will lose a only small proportion of the heat flux via conductive cooling (<10%; e.g., Phipps Morgan and Chen, 1993) . This requires additional hydrothermal circulation at Site 1256 that is not recorded by the sampled sheeted dikes, but that is equal to or greater than that currently recorded by the sheeted dike complex. Other study sites produce similar estimates for the total heat removed by the upper crustal hydrothermal system (21-42%, Fig. 7 ; Barker et al., 2008) suggesting the observations from Hole 1256D are representative of fast to intermediate spreading rate crust.
Deep hydrothermal circulation
Our results require that extensive hydrothermal fluid-rock exchange must occur elsewhere in the crust to remove the remaining heat from the lower crust and satisfy the geophysical observations that the lower crust is fully crystallised and cooled to <1000 • C within a few km of the ridge axis. Recent thermal models suggest that deep hydrothermal circulation may occur in the lower crust if it is sufficiently permeable (Theissen-Krah et al., 2016) . We propose two possible scenarios for the geometry of this hydrothermal system that are thermally viable to make predictions of the anticipated 87 Sr/ 86 Sr profile of Hole 1256D when it is extended into cumulate gabbros: (1) a larger upper crustal hydrothermal system that extends down into the lower crust; and (2) the presence of a separate hydrothermal system in the lower crust for which recharge fluids have by-passed reaction with the sheeted dikes (Fig. 8) . and rock. In scenario 1, the upper crustal hydrothermal system penetrates down into the lower crust as the CBL migrates downwards. Scenario 2 represents a hydrothermal system that has not reacted with the upper crust before reaching the lower crust. Both of these scenarios could remove the necessary heat flux from crystallising and cooling the lower crust.
Scenario 1 implies that the existing hydrothermal system in the sheeted dikes represents only the uppermost portion of a larger continuous hydrothermal system that has penetrated deeper into the gabbros in response to a downward migrating CBL. The tracer transport method can be used to estimate the total depth of this hydrothermal system by using the total fluid flux necessary to extract all of the available heat from the crust. The total hydrothermal fluid flux (heating the fluid to ∼440 • C, following section 5.3.1) needed for Hole 1256D is 5.0-5.4 × 10 ous constraints (Section 3), the tracer transport model is iteratively solved by increasing the depth of the model until the required hydrothermal fluid flux is achieved. For Hole 1256D the total required depth for the hydrothermal system is 1050-1190 m, indicating that fluid circulation must penetrate a further 660 to 800 m into the gabbros (Fig. 8) .
Scenario 2 proposes the existence of an additional hydrothermal system in the lower crust, and critically, that fluid recharge has bypassed fluid/rock reaction with the sheeted dikes sampled in Hole 1256D. This could be achieved by focused fluid flow through the upper crust, perhaps along faults (Coogan et al., 2006) or in a restricted downwelling zone ( Fig. 8 ; Tolstoy et al., 2008) . The size of this hydrothermal system can be estimated from the total heat flux available, the upper crustal heat flux that is removed, and by considering the potential temperature of fluids in the lower crust. The distribution of this fluid flux in the lower crust and the extent of fluid/rock exchange are highly speculative. As a starting point we consider the minimum amount of lower crust that would have to be in equilibrium with the hydrothermal fluid in order to account for the heat flux deficit, assuming the fluid entered the lower crust as cold seawater and evolved into hydrothermal fluids with compositions comparable to those in the sheeted dike complex. (Fig. 8) .
The lower crust has been sampled at tectonic windows and ophiolites and these provide some insight into the potential lower crustal hydrothermal system and the viability of the two scenarios suggested for Hole 1256D. The uppermost (800 m) lower crust sampled at Hess Deep comprises pervasively altered gabbroic rocks with lateral variability in mineral assemblages from amphibolite to greenschist facies (Kirchner and Gillis, 2012) , reminiscent of our Scenario 1. Mg-in-plagioclase cooling rate estimates for the uppermost gabbros suggest rapid cooling rates (0.01-0.1 • C/yr) commensurate with intense hydrothermal cooling (Faak et al., 2015) . However, whole rock 87 Sr/ 86 Sr are only slightly elevated relative to MORB indicating these gabbros have undergone minor fluid/rock reaction, similar to the central portions of the gabbroic intrusions sampled in Hole 1256D that exhibit only minor Sr isotope exchange (Harris et al., 2015) . Tonalite samples from Hess Deep do have elevated Sr isotope compositions (0.7038) compared to the host gabbro, as observed in Hole 1256D. However, no zones of extensive Sr isotope exchange are recorded in the gabbroic rocks from Hess Deep, in contrast to Hole 1256D, where restricted zones associated with igneous contacts yield Sr-isotope ratios similar to the proposed hydrothermal end member (Harris et al., 2015) and appear to be fluid conduits. Kirchner and Gillis (2012) consider the uppermost plutonics to form part of the upper crustal hydrothermal system (similar to scenario 1) and calculate a fluid flux of 2.1-2.5 × 10 6 kg m −2 . However, this is insufficient to remove the heat available from the lower crust, and requires additional hydrothermal cooling. For scenario 1 to be valid we predict that the Sr-isotopic compositions of the upper ∼700-800 m of gabbros at Site 1256 will be strongly altered towards our estimated hydrothermal fluid ( 87 Sr/ 86 Sr ∼0.705). If this is not observed, some focused fluid recharge must bypass the sheeted dike complex (scenario 2). Evidence for focused fluid flow in the lower crust, like that proposed for scenario 2, has been observed in the Semail ophiolite in Oman where 10-50 m-wide alteration zones occur at ∼1 km spacings in gabbros (Coogan et al., 2006) . These zones are associated with strong hydrothermal alteration, high vein intensities and record fluid-rock exchange and mineral precipitation from amphibolite down to lower greenschist facies conditions (Coogan et al., 2006) . The estimated fluid flux through these focused zones are an order of magnitude greater than the fluid flux through the Oman sheeted dike complex. If present, such features could account for the lower crust heat flux deficit apparent in Hole 1256D, assuming that the hydrothermal alteration of Semail ophiolite is an appropriate analogue for fast spreading ocean crust. We would predict that a deepened Hole 1256D may encounter 10-100 m-wide isolated zones of hydrothermally altered gabbros with strongly elevated Srisotope compositions. The uppermost kilometre of the lower crust therefore represents a critical region for assessing the hydrothermal, igneous and structural observations that will allow the end member models for the lower crust to be robustly tested.
Summary and conclusions
The Sr-isotope profile through the sheeted dikes at ODP Site 1256 is significantly different from those previously sampled in Hole 504B and the Hess Deep and Pito Deep tectonic windows (Harris et al., 2015) . In contrast to the MORB-like profiles from these latter three sections, the 87 Sr/ 86 Sr of the dikes in Hole 1256D
are strongly elevated from MORB values (∼0.7028) towards the estimated composition of the Site 1256 black smoke-type hydrothermal fluid (∼0.705), indicating a much greater extent of fluid-rock Sr-isotope exchange (Fig. 5) . We have applied tracer transport mass balance to the high density 87 Sr/ 86 Sr profile of the Hole 1256D
sheeted dike complex to quantify the high temperature axial fluid flux resulting from pervasive fluid recharge through the sheeted dikes to be 1.5-3.2 × 10 6 kg m −2 . Despite the different extents of Sr-isotope exchange, given the different thicknesses of the sheeted dike complexes (Hole 1256D ∼400 m; Hess, ∼600 m; 504B, Pito ∼1000 m), the time-integrated fluid flux through Hole 1256D is similar to those estimated from the other sites Barker et al., 2008) , and estimates using alternative geochemical tracers (e.g., Li, Tl, S). This suggests that the axial recharge flux through the sheeted dikes is remarkably uniform at intermediate to superfast spreading rates. This estimate of high temperature upper crustal hydrothermal fluid flux is sufficient to remove only 29-61% of the sensible and latent heat released during crystallisation and cooling of the Site 1256 lower crust, and requires deeper hydrothermal circulation in the lower crust to satisfy the geophysical observations of modern mid-ocean ridges. Two scenarios are suggested, that can be tested by further drilling in Hole 1256D: (1) that the extensive hydrothermal alteration observed in the sheeted dikes continues for up to 800 m into the underlying upper gabbros, or that (2) a significant portion of fluid recharge (∼50%) bypasses the sheeted dikes by focused fluid flow on faults or in discrete zones, and reaction with these fluids should produce 10-100 m-wide isolated zones of hydrothermally altered gabbros with strongly elevated Sr-isotope compositions, as are seen in some ophiolites. gratefully acknowledge reviews from A. Barker 
